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Chapter 4  
INFLUENCE OF AGING IN SOIL ON THE 
DERMAL PENETRATION OF HEXAVALENT 
AND TRIVALENT CHROMIUM 
Gloria A. Skowronski1, Rita M. Turkall1,2, and Mohamed S. Abdel-Rahman1
1Pharmacology and Physiology Department, University of Medicine and Dentistry of New 
Jersey, New Jersey Medical School, 185 South Orange Avenue, P.O. Box 1709, Newark, New 
Jersey 07101-1709, Tel: 973-972-6568; Fax: 973-972-4554, E-mail:  abdelrms@umdnj.edu; 
2Clinical Laboratory Sciences Department, School of Health Related Professions, University 
of Medicine and Dentistry of New Jersey, Newark, New Jersey 
Abstract: Sensitive individuals may develop allergic contact dermatitis (ACD) from 
exposure to chromium contaminated soil.  However, health risk assessments 
often do not consider the amount of metal in soil that is absorbed by the body 
(bioavailability). Instead, they rely on the total concentration of metal that can 
be extracted from soil by rigorous procedures. This practice can overestimate 
health risks and soil remediation goals because metals can be sequestered in 
soil with time (aging) thereby decreasing bioavailability. In this study, the 
effects of aging in soil on the dermal penetration of trivalent chromium as 
chromium chloride or hexavalent chromium as sodium chromate were 
evaluated in two soils  Atsion and Keyport. Dermal penetration was 
measured in vitro through dermatomed pig skin by Teflon flow-through 
diffusion cell methodology. After four months in soil, the dermal penetration 
of both species was decreased by 93 - 96% relative to pure chromium (without 
soil). While an aging effect was prominent for Cr (III) in the Atsion soil, 
surface adsorption was important in the Keyport soil. The dermal penetration 
of Cr (VI) was similar in both soils after aging. The data suggest that soil 
cleanup levels for chromium based on the ACD health endpoint will be 
dependent on soil type and time in soil. 
Key words: heavy metals, skin, matrix and time effects, risk assessment 
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1. INTRODUCTION 
Risk assessment and the evaluation of remediation needs of metal 
contaminated soils are usually based on the acid-soluble metal content of 
soil (Turpeinen et al., 2003). Previously, we showed that the dermal 
penetrations of arsenic, mercury, and nickel were significantly decreased by 
95-98% with time in soil (aging) compared to the pure metals (without 
soil) (Abdel-Rahman et al., 2005).  Furthermore, the bioaccessibility of soil-
aged chromium was reduced by 50-82% in simulated gastric fluid 
(Skowronski et al., 2001). Therefore, the amount of a metal that is absorbed 
from soil by the body (bioavailability) is important because it can improve 
the accuracy of risk assessment which can result in the establishment of 
more realistic remediation goals. This study will focus on the dermal 
penetration of chromium in soil  
Chromium can enter the environment by natural processes as well as 
from human activities (Palmer and Wittbrodt, 1991).  In the environment, 
chromium occurs primarily in the trivalent state [Cr (III)] or in the 
hexavalent form [Cr (VI)]. The environmental behavior and toxicity of 
chromium are largely a function of its oxidation state.   Hexavalent 
chromium compounds (mainly chromates and dichromates) are strong 
oxidizers, more toxic, highly soluble, and more mobile in soil/water systems 
than trivalent compounds. The trivalent state is generally considered to be 
the stable form of the two species (Losi et al., 1994).  
Sensitive individuals can develop allergic contact dermatitis (ACD) from 
exposure to chromium. Once an individual is sensitized to chromium, a 
subsequent exposure to the allergen above a threshold level will elicit 
dermatitis (Polak, 1983). The response resembles a poison oak 
hypersensitive reaction. Symptoms include erythema, edema, and small 
vesicles (Ackerman, 1978; Adams, 1990). The most widely accepted study 
to determine the minimum elicitation threshold (MET) for Cr (VI) is the 
study by Nethercott et al. (1994).  Results from patch test studies on 54 Cr 
(VI) sensitized volunteers indicated that about 0.089 µg Cr (VI)/cm2 skin 
was required to elicit ACD in 10% of the volunteers. Because Cr (VI) 
compounds generally penetrate skin faster than Cr (III) compounds, they are 
more likely to produce a skin response in sensitized subjects (Samitz et al., 
1967).  However, Cr (III) is considered to be the actual cause of allergic 
contact sensitization since only Cr (III) is capable of forming covalent bonds 
with skin proteins which is a precondition for immunogenicity (Mali et al., 
1966; Polak et al., 1973; Hansen et al., 2003). After Cr (VI) diffuses into the 
skin, it is reduced to Cr (III) which then complexes with protein to form the 
complete antigen thereby causing the immune response (Samitz and Katz, 
1964; Samitz et al., 1967, 1969; Polak et al., 1973). The reducing capacity 
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of the skin, however, is limited (1 mg/g skin) as shown by Samitz and Katz 
(1964).  
ACD is often associated with occupational exposures to numerous 
materials and processes, including chrome plating baths, chrome colors and 
dyes, cement, leather tanning agents, wood preservatives, anticorrosive 
agents, welding fumes, and textiles (Polak et al., 1973; Burrows and Adams, 
1990; USEPA, 2004). In addition to individuals who are exposed to 
chromium either occupationally or in consumer products, there are several 
groups within the general population who have a greater probability of 
elevated chromium exposure. These groups include people who live in 
proximity to sites where chromium was manufactured or processed, sites 
where chromium was disposed, or near one of the United States 
Environmental Protection Agencys (USEPAs) National Priorities List 
(NPL) hazardous waste sites where chromium has been identified in 
environmental media (ATSDR, 2000a). Currently, there are 1,778 hazardous 
waste sites on the NPL that have been identified as being contaminated with 
chromium (ATSDR, 2003). About 210 sites in New Jersey were confirmed 
as contaminated with chromite ore processing residue (COPR) (NJDEP, 
2005). More than 2 million tons of the waste was used as fill material in 
construction sites in Hudson County (NJDEP, 1997). Total chromium 
concentrations in COPR measured at these sites ranged from 5 to 11,800 
ppm and Cr (VI) concentrations ranged from < 0.5 to 780 ppm (ESE, 1989). 
Since many of the contaminated sites have been developed for housing, 
schools, playgrounds, and commercial establishments, there is substantial 
opportunity for human exposure to chromium at these sites (Snyder et al., 
1997).  
Historically, the inhalation and ingestion pathways have driven 
chromium-related risk assessments at contaminated sites in the United States 
(Horowitz and Finely, 1993). However, the NJDEP developed a soil cleanup 
approach based on elicitation of ACD by Cr (VI). The risk assessment 
subgroup of the NJDEP Chromium Workgroup conducted benchmark dose 
modeling of the 10% MET data from Nethercott et al.s study (1994). A 
BMDL10 (i.e., the lower 95% confidence limit on the dose corresponding to 
a 10% response among sensitized individuals) of 0.08 µg/cm2 for Cr (VI) 
was determined by the risk assessment subgroup. The USEPAs suggested 
average soil adherence value of 0.2 mg soil/cm2 skin (USEPA, 2003) and an 
assumed dermal bioavailability of Cr (VI) of 100% together with the 
BMDL10, were used to calculate a soil cleanup value of 400 ppm for Cr (VI). 
This cleanup level was originally proposed in 1998 and recommended in a 
recent report by the NJDEP Chromium Workgroup (NJDEP, 2005).  
NJDEPs recommended soil cleanup level for Cr (VI) is very similar to that 
of Nethercott et al. (1994) (450 ppm) who applied the same soil adherence 
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factor and assumed bioavailabiltiy to their 10% MET. The Massachusetts 
Department of Environmental Protection (MADEP) has also recommended a 
soil standard for Cr (VI) based on ACD as the health endpoint (Zewdie, 
1998).  However, the MADEP used a soil adherence factor of 0.51 mg 
soil/cm2 skin according to a previous USEPA guidance (USEPA, 1996) in 
their calculation. Although the 10% MET and the assumed bioavailability 
were identical to that used by Nethercott et al. (1994), the utilization of a 
higher soil adherence factor resulted in a more conservative estimate of soil 
cleanup (170 ppm).  Horowitz and Finley (1993) estimated the 
bioavailability of Cr (VI) from soil by extracting COPR with human sweat.  
At a COPR concentration of 1240 ppm, less than 0.1% of the Cr (VI) in the 
COPR sample was extracted by sweat. They concluded that COPR 
concentrations greater than or equal to 1200 ppm Cr (VI) would be 
protective of 99.9% of the general population (Horowitz and Finely, 1994). 
From the above studies, it can be seen that the use of different soil adherence 
values and assumed bioavailability can lead to a large variation in soil 
cleanup levels for chromium. 
There are many studies in the scientific literature on the amount of Cr 
(III) and Cr (VI) that penetrated human and/or animal skin (Mali et al., 
1963; Spruit and van Neer, 1964; Wahlberg and Skog, 1965; Samitz et al., 
1967; Wahlberg, 1970; Lidén and Lundberg, 1979; Baranowska-Dutkiewicz, 
1981; Gammelgaard et al. 1992; Corbett et al., 1997).  To the best of our 
knowledge, there are no studies that examined the dermal bioavailability of 
Cr (III) or Cr (VI) from soil. Furthermore, many of the studies to predict the 
bioavailability of chemicals in soil are based on soils that are freshly spiked 
in the laboratory with chemical prior to conducting the bioavailability 
experiments. However, chemicals in contaminated soils may have been in 
the soil for days, weeks, or even years (i.e., aged). Compared to newly 
contaminated soil, a further reduction in bioavailability may be seen due to 
aging.  Therefore, the objective of this study was to investigate the effects of 
aging in soil as well as soil type on the dermal penetration of trivalent and 
hexavalent chromium and to evaluate their impact on health risk and soil 
cleanup levels. 
2. MATERIALS AND METHODS 
2.1 Chemicals 
Chromium-51 as chromium chloride (588.9 mCi/mg specific activity, 
99.9% purity) or as sodium chromate (477.6 mCi/mg specific activity, 
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99.9% purity) was purchased from New England Nuclear (NEN) Life 
Science Products, Boston, MA.  
2.2 Soils 
Studies were performed on two different soils that were selected after 
discussions with soil scientists on the characteristics of various soils. Both 
are representative of soil types widely distributed in the United States.  The 
Atsion soil consists of 90% sand, 8% silt, 2% clay, 4.4% organic matter; has 
a pH of 4.2; and was collected from the Cohansey sand formation near 
Chatsworth in south central New Jersey. Atsion soil is formed in Atlantic 
Coastal plain sediments of New Jersey and New York. Similar soil is found 
extensively in Maryland, Virginia, North and South Carolina, Alabama, 
Georgia, and Florida (USDA, 1977).  The Keyport soil contains 50% sand, 
28% silt, 22% clay, 1.6% organic matter; has a pH of 5.0; and was collected 
from the Woodbury formation near Moorestown in southwestern New 
Jersey. Keyport soil is found in New Jersey, Delaware, Maryland, and 
Virginia, with similar soils occurring as far southwest as Texas (USDA, 
1972). The majority of the soil particles were 50-250 µm in size.  Organic 
matter content was measured by a modified Walkley & Black (1934) 
dichromate oxidation method. Soil analyses were performed by the Soil 
Testing Laboratory at Rutgers Cooperative Extension Resource Center, 
Rutgers University, New Brunswick, NJ.  
2.3 Chemical Aging in Soil 
Radiolabeled chemicals were added to each of the soils that had been 
previously autoclaved and hydrated to 11% with sterile distilled-deionized 
water. This is the maximum amount of water that could be used to lightly 
moisten the soils without there being an excess of water when the chemicals 
were added to the soils. Each chemical was added to soil at a ratio of 300 ng 
to 1 g of soil. After the chromium compounds were mixed thoroughly with 
the soils to ensure uniform distribution of chemical, treated soils were added 
to Teflon-sealed vials and stored in the dark at room temperature for 4 
months.  
2.4 Animal Model 
Whole pig skin was obtained from the costo-abdominal areas of 
euthanized (40-60 lb) male Yorkshire pigs (Cook College Farm, Rutgers 
University, New Brunswick, NJ). Research has shown that chemical 
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penetration of human skin is similar to that of the pig or monkey, and much 
slower than that of the rat or rabbit (Bartek et al. 1972; Paustenbach, 2000). 
The pig has been widely accepted as an animal model for studying human 
percutaneous absorption of a large variety of chemicals under various 
experimental conditions (Bartek et al., 1972; Reifenrath and Hawkins, 1986; 
Qiao et al., 1993) because of the well documented histological (Monteiro-
Riviere and Stromberg, 1985), physiological, biochemical, and 
pharmacological similarities between pig skin and human skin (Qiao and 
Riviere, 2000).  Skin was transported to the laboratory and viability 
maintained in ice-cold HEPES buffered (25 mM) Hanks balanced salt 
solution (HHBSS), pH 7.4, containing gentamycin sulfate (50 mg/l) (Collier 
et al., 1989) after which it was immediately prepared for diffusion cells 
according to Bronaugh and Stewart (1985). 
2.5 In Vitro Dermal Penetration Studies 
Excised skin was cut to a thickness of 200 µm with a dermatome 
(Padgett Electro-Dermatome Model B, Padgett Instruments Inc., Kansas 
City, MO) and circular pieces were mounted into Teflon flow-through 
diffusion cells (Crown Bio Scientific, Inc., Somerville, NJ).  The exposed 
skin surface area (0.64 cm2) was maintained at a temperature of 32oC.  The 
dermal side of each skin sample was perfused with HHBSS containing 10% 
fetal bovine serum (Sigma/Aldrich, St. Louis, MO) at a flow rate of 3 ml/h 
and aerated continuously with oxygen (Collier et al., 1989). Chemical was 
applied to the surface of the skin either alone in 5 µl of 0.01 M sodium 
phosphate buffer, pH 6.8, immediately after the addition of 30 mg soil, or 
after aging in 30 mg of each of the two soils. The chemical dose was 15.5 
ng/cm2 skin while the elemental dose was 5 ng/cm2. Although the data on 
freshly spiked soil can overestimate the dermal penetration of a chemical 
that has been in the same soil for a longer period of time, the data on freshly 
spiked soil are important because it can be used to predict the risk from 
newly contaminated sites and to calculate the percent decrease in the dermal 
penetration of soil-aged chemical versus chemical in freshly contaminated 
soil. A low dose of chromium was used in this study because low doses of 
chromate or dichromate may be more effective in producing sensitization 
than high ones.  A low dose penetrates only into the skin where it is retained 
by skin and can induce sensitization whereas a high dose is transported 
through the skin into the circulatory blood supply (Mali et al., 1964; Polak et 
al., 1973).  Also, it has been concluded that Cr (VI) should not exceed 1 ppm 
(equivalent to 0.01 µg/cm2 skin) in household products such as laundry 
detergents, to prevent elicitation of ACD (Basketter et al., 2003).  
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Receptor fluid (perfusate) was collected in scintillation vials containing 
10 ml of Formula-989 liquid scintillation cocktail (Packard Instruments Co., 
Inc., Meriden, CT) up to 16 h postdosing. Loosely adsorbed chemical was 
washed from the skin surface with soap and water (once with 1 ml of a 1% 
aqueous soap solution and twice with 1 ml of distilled-deionized water). 
Skin samples were completely solubilized in Solvable (Packard) for 8 h at 
50oC to determine the quantity of the chemical remaining in skin.  
Radioactivity in all samples was counted by liquid scintillation spectrometry 
(LS 7500, Beckman Instruments, Inc., Fullerton, CA).  Sample quench was 
corrected by using the H-ratio method. Total penetration is defined as the 
sum of chemical in receptor fluid and skin.  
2.6 Statistical Analysis 
All data were reported as the mean + standard error of the mean (SEM) 
and expressed as percent of the applied initial dose. Statistical differences 
between treatment groups were determined by one-way analysis of variance 
(ANOVA) with Scheffes test except for the soil comparisons which were 
performed by Students independent t-test. The level of significance was p < 
0.05.  
3. RESULTS AND DISCUSSION 
When Cr (III) was aged in the Atsion soil, the amount of trivalent 
chromium that penetrated skin was significantly decreased compared to Cr 
(III) without soil or Cr (III) in brief contact with soil (Table 1). Furthermore, 
a significantly lower percentage of soil-aged trivalent chromium was 
observed in receptor fluid (0.5% of the initial dose) versus pure Cr (III) (2%) 
or Cr (III) in freshly treated soil (1.3%). While 34% of pure trivalent 
chromium was detected in skin, the amount decreased to 13% of the initial 
dose after Cr (III) was in contact with the Atsion soil for 16 h.  A further 
reduction to 1.9% was observed after aging in the Atsion soil.  Most of the 
total penetration of Cr (III) after each of the treatments was due to Cr (III) in 
skin. Total penetration decreased from 36% to 14% when the Atsion soil 
was freshly spiked with Cr (III) relative to pure Cr (III). For aged Cr (III), 
total penetration (2.4%) was significantly reduced versus pure Cr (III) or Cr 
(III) in freshly spiked soil. The data for skin wash correlated well with the 
results for total penetration. The majority of the dose for pure Cr (III) (64%) 
was washed from the surface of the skin. When the Atsion soil was freshly 
spiked with Cr (III), there was more radioactivity in the skin wash (83%) 
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than from pure Cr (III). The amount of radioactivity in the skin wash was 
even greater after aging (97%). 
Table 1. Effect of Aging on the Dermal Penetration of Trivalent Chromium in Atsion Soil 
 Pure Freshly Spiked Soil Aged in Soil 
Receptor Fluid 2.0 + 0.2 a 1.3 + 0.2 b 0.5 + 0.1 c 
Skin 33.6 + 2.4 12.8 + 2.5 b 1.9 + 0.3 c 
Total Penetration  35.6 + 2.4 14.1 + 2.4 b 2.4 + 0.2 c 
Skin Wash 63.9 + 4.1 83.1 + 2.6 b 97.1 + 0.2 c 
a  Mean + SEM of percent initial dose for n = 10-14 replicates per treatment from three pigs 
administered CrCl3 
b  Significantly different from pure (p< 0.05, ANOVA) 
c  Significantly different from pure and freshly spiked soil (p< 0.05, ANOVA) 
 
The dermal penetration of Cr (III) into receptor fluid after aging in the 
Keyport soil (Table 2) was similar to that in the Atsion soil.  Percent initial 
dose decreased from 2% for pure Cr (III) to 1.4% for Cr (III) in freshly 
spiked Keyport soil, and then to 0.6% for aged Cr (III).  For freshly treated 
soil, the quantity of radioactivity was almost the same in receptor fluid 
(1.4%) and skin (1.6%).   However, after aging, there was twice as much 
radioactivity in skin (1.2%) than in receptor fluid (0.6%).  Total penetration 
decreased from 36% for pure Cr (III) to 3% and 1.8%, respectively, for Cr 
(III) in freshly treated soil and Cr (III) aged in soil. While there was an 
additional 12% decrease in the dermal penetration of Cr (III) in the Atsion 
soil after aging, there was only a 1% more decrease in dermal penetration in 
the Keyport soil. The remaining non-absorbed Cr (III) was detected in the 
skin wash fraction. 
Table 2. Effect of Aging on the Dermal Penetration of Trivalent Chromium in Keyport Soil 
 Pure Freshly Spiked Soil Aged in Soil 
Receptor Fluid 2.0 + 0.2 a 1.4 + 0.2 b 0.6 + 0.1 c 
Skin 33.6 + 2.4 1.6 + 0.2 b 1.2 + 0.2 b 
Total Penetration  35.6 + 2.4 3.0 + 0.3 b 1.8 + 0.2 b 
Skin Wash 63.9 + 4.1 96.0 + 0.4b 97.6 + 0.3 b 
a  Mean + SEM of percent initial dose for n = 10-14 replicates per treatment from three pigs 
administered CrCl3 
b  Significantly different from pure (p< 0.05, ANOVA) 
c  Significantly different from pure and freshly spiked soil (p< 0.05, ANOVA) 
 
The total penetration of pure Cr (VI) (33.5% of the initial dose, Table 3) 
was almost the same as that of Cr (III) (35.6%, Table 1). Wahlberg and Skog 
(1965) also reported that there were no statistical differences in the dermal 
absorption of trivalent and hexavalent chromium compounds by guinea pigs 
at low concentrations (0.017-0.239 M) but at higher concentrations (0.261-
0.398 M), sodium chromate penetrated skin more quickly than chromium 
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chloride. Also, according to Samitz et al. (1967), chromium chloride 
penetrated isolated human skin almost exactly as potassium dichromate.  It is 
believed that the dermal penetration is the same between Cr (III) and Cr (VI) 
because several studies have shown that the hexavalent species is reduced in 
skin to the trivalent form at low doses (Samitz and Katz, 1964; Samitz et al., 
1967, 1969; Polak et al., 1973).  
Table 3. Effect of Aging on the Dermal Penetration of Hexavalent Chromium in Atsion Soil 
 Pure Freshly Spiked Soil Aged in Soil 
Receptor Fluid 0.8 + 0.1 a 0.8 + 0.1 0.3 + 0.03 c 
Skin 32.7 + 2.4 3.3 + 0.5 b 0.9 + 0.2 b 
Total Penetration  33.5 + 2.2 4.1 + 0.6 b 1.3 + 0.2 b 
Skin Wash 66.5 + 2.1 92.3 + 1.8 b 98.0 + 0.2 c 
a  Mean + SEM of percent initial dose for n = 8-11 replicates per treatment from three pigs 
administered Na2CrO4 
b  Significantly different from pure (p< 0.05, ANOVA) 
c  Significantly different from pure and freshly spiked soil (p< 0.05, ANOVA) 
 
The Atsion soil significantly decreased the dermal penetration of Cr (VI) 
into receptor fluid to 0.3% of the initial dose after aging relative to pure Cr 
(VI) and Cr (VI) in brief contact with soil (0.8% each) (Table 3). Like pure 
trivalent chromium, a large percentage of hexavalent chromium alone was 
found in skin (33%). Consequently, the total penetration of pure Cr (VI) was 
also high (34%). The Atsion soil decreased skin radioactivity to 3.3% after 
16 h and to 0.9% after 4 months.  The total penetration of Cr (VI) in newly 
contaminated soil (4.1%) and the three-fold decrease after aging (1.3%) were 
significantly lower than for pure Cr (VI). The bulk of the dose for pure Cr 
(VI) was found in the skin wash (66%). For the soil treatments, 92-98% of 
the dose was washed from the skin. 
The results for Cr (VI) in the Keyport soil (Table 4) indicated that aged 
Cr (VI) was significantly decreased in the receptor fluid (0.4% of initial 
dose) versus pure Cr (VI) (0.8%) and Cr (VI) in freshly treated soil (0.6%). 
However, the difference in skin radioactivity between Cr (VI) in freshly 
spiked soil (2.2%) and aged Cr (VI) (0.8%) was not significant as it was 
between either soil treatment and pure Cr (V1) (33%). Likewise, total 
penetration was greater for pure Cr (VI) (34%) than for hexavalent 
chromium in newly treated soil (2.8%) or aged Cr (VI) (1.2%). After either 
time in soil, the skin wash contained more of the chromium dose (96-98%) 
than the skin wash from the pure treatment (66%). Thus, significant soil 
matrix effects were observed for Cr (VI) in either of the freshly spiked soils 
versus their respective pure counterparts.  
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Table 4. Effect of Aging on the Dermal Penetration of Hexavalent Chromium in Keyport Soil 
 Pure Freshly Spiked Soil Aged in Soil 
Receptor Fluid 0.8 + 0.1 a 0.6 + 0.04 b 0.4 + 0.03 c 
Skin 32.7 + 2.4 2.2 + 0.5 b 0.8 + 0.1 b 
Total Penetration  33.5 + 2.2 2.8 + 0.6 b 1.2 + 0.1 b 
Skin Wash 66.5 + 2.1 96.4 + 0.6 b 98.0 + 0.2 b 
a  Mean + SEM of percent initial dose for n = 9-14 replicates per treatment from three pigs 
administered Na2CrO4 
b  Significantly different from pure (p< 0.05, ANOVA) 
c  Significantly different from pure and freshly spiked soil (p< 0.05, ANOVA) 
 
A comparison of the dermal penetration of Cr (III) and Cr (VI) between 
the two soils is presented in Figure 1.  The dermal penetration of Cr (III) in 
freshly treated Keyport soil was significantly lower than in the Atsion soil. 
Furthermore, the dermal penetration of Cr (III) in the Atsion soil only 
reached the level in the Keyport soil after aging. This was expected because 
the organic matter content in the Atsion soil is almost three-fold higher than 
in the Keyport soil. The data indicate that in the Atsion soil, Cr (III) initially 
adsorbed to the surface of freshly spiked soil particles but then slowly 
diffused into the soil over several months and became less bioavailable than 
non-aged Cr (III).  It has been suggested that slower absorption and 
increased resistence to desorption of some metals may be due to diffusion 
through the intraparticle micropores of soil organic matter (Yin et al., 1997; 
Strawn and Sparks, 2000).  On the other hand, adsorption of Cr (III) to the 
Keyport soil occurred rapidly in the first 16 hr after treatment. The similarity 
in the decrease in the dermal penetration of Cr (III) in freshly spiked 
Keyport soil and after aging suggests that trivalent chromium binds 
predominately to the surface of the Keyport soil. Therefore, while an aging 
effect was prominent for Cr (III) in the Atsion soil, surface adsorption was 
important in the Keyport soil. Several investigators have demonstrated that 
Cr (III) is rapidly and strongly adsorbed to soil by iron and manganese 
oxides, clay minerals, and sand (Schroeder and Lee, 1975; Bartlett and 
Kimble, 1976a; Korte et al., 1976; Griffin et al., 1977; Rai et al., 1984; 
Dreiss, 1986; Stanin, 2005). About 90% of Cr (III) is adsorbed by clay 
minerals and iron oxides within 24 h. Stewart et al.s (2003a) study 
comparing the bioaccessibility of Cr (III) aged in 35 soils, revealed that soils 
with higher quantities of clay, inorganic carbon, higher pH, and higher 
cation exchange capacity generally sequestered more Cr (III).  
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Figure 1. Influence of soil type on the dermal penetration of trivalent and hexavalent 
chromium. Values (means ± SEM) represent the total penetration expressed as percent of 
initial dose.  The asterisk denotes a significant difference from Atsion soil. Values were 
considered significant when p was less than 0.05 (Students independent t-test.). 
For Cr (VI), there were no significant differences in dermal penetration 
between the two soils either as freshly spiked or aged (Figure 1). At low 
concentrations of Cr (VI), adsorption increases as pH decreases no matter 
what the sorbent (Griffin et al., 1977; Bartlett and Kimble, 1979; Rai et al., 
1984; Stanin, 2005). This would explain why the adsorption of Cr (VI) 
decreased similarly in the two freshly spiked acidic soils.  Cr (VI) can also 
be reduced to Cr (III) in acidic soils in the presence of electron donors like 
soil organic matter, ferrous iron, and reduced sulfur compounds  (Bartlett 
and Kimble, 1976b; Palmer and Puls, 1994; Jardine et al., 1999; Kotas and 
Stasicka, 2000; Wielinga et al. 2001). For soils (pH range 4-7), Stewart et al. 
(2003b) reported that the reduction of Cr (VI) to Cr (III) was nearly 
complete after 200 days aging. In the present study, less aging time (120 
days) suggests that Cr (VI) may not have been competely reduced to Cr (III).  
In addition to the percent bioavailability, the amount of soil that adheres 
to skin is another critical factor in setting ACD-based soil concentrations 
(Horowitz and Finley, 1994). The soil load (amount of soil deposited per 
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cm2 of skin) that was used in this study (47 mg/cm2), was based on soil 
adherence amounts reported in the literature. Measurements of soil loadings 
on the skin of volunteers revealed that actual loadings can range from less 
than 0.01 to more than 100 mg/cm2 (Kissel et al., 1996). Soil load depends 
on soil properties, occupational and recreational activities, and different 
parts of the body (Kissel et al., 1996, 1998; Holmes et al., 1999).  However, 
Yang et al. (1989), Duff and Kissel (1996), and Roy and Singh (2001) 
showed that only chemical in the monolayer of soil which is in contact with 
the skin surface is likely to be absorbed by skin. Their studies indicated that 
increasing the soil load decreased the percent of the applied dose of chemical 
absorbed. More recently, Touraille et al. (2005) demonstrated that for a 
relatively short exposure period (8 h), soil loading in excess of that required 
to produce a monolayer of particles did not change the amount of chemical 
absorbed. When exposure time was increased to 24 h, absorption increased 
with soil loading (5-148 mg/cm2). 
Horowitz and Finley (1994) recommended that for sites where the soil 
properties are well characterized, it would be appropriate to ensure that the 
soil adherence factor reflects these properties.  For example, although 
Wester et al. (1993) used a soil loading of 40 mg/cm2 in their arsenic studies, 
the soil load probably represented only slightly more than monolayer 
coverage because a very coarse grain size was used (Duff and Kissel, 1996). 
Moreover, the risk assessment subgroup of the NJDEP Chromium Workshop 
noted that the soil loading/adherence factor (0.2 mg/cm2) recommended by 
the USEPA in their Risk Assessment Guidance for Superfund, Part E 
(RAGS Part E) (USEPA, 2003), was originally intended to address systemic 
(i.e., whole body) exposure and was expressed as a weighted average of soil 
on the entire exposed skin surface. Thus, the weighted average reflects 
exposed areas of the body with little or no soil loading as well as areas with 
much greater loading. ACD, however, is not a classic systemic response, but 
results from absorption of an allergen across a relatively small and localized 
area of skin. Therefore, the RAGS Part E factor may underestimate the soil 
loading/adherence factor on the discrete skin surfaces with the heaviest soil 
contact and use of this factor may overestimate the resulting ACD soil 
cleanup value (NJDEP, 2005).  
In conclusion, the data indicate that at a low dose, the dermal 
bioavailability of either trivalent or hexavalent chromium was significantly 
decreased (93-96%) by soil adsorption and aging in soil depending on the 
soil type. Since less chromium was bioavailable in soil, assuming 100% 
bioavailablility will overestimate the health risk. As a result, recently 
proposed soil cleanup standards based on ACD as the health endpoint may 
be too conservative. Although the reducing capacity of the skin will also 
prevent absorption of Cr (VI) into the systemic circulation at a low dose, 
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very high concentrations of Cr (VI) in solution are known to damage skin 
stratum corneum (the barrier layer or the outermost surface of the 
epidermal layer of skin) (ATSDR, 2000b). For soil that is heavily 
contaminated with Cr (VI), the reducing capacity of the soil and the skin 
may be exceeded. Therefore, any damage to the stratum corneum by Cr (VI) 
may facilitate penetration of Cr (VI) into the dermis where it can enter the 
systemic circulation via the capillaries of the dermis.  In that case, systemic 
effects may be more important than ACD as the health endpoint for setting 
soil cleanup standards for dermal exposure. More extensive research should 
be conducted to address the issue of dose as well as soil load and exposure 
time on the dermal bioavailability of hexavalent chromium. 
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